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methodologyAbstract Experimental investigation was done on the IDI engine using Diesel, Mahua methyl ester
(MME) and Methanol additive blends. The performance and emissions were carried out on the
Indirect Injection diesel (IDI) engine with two input parameters like load and fuel and for nine
response parameters like exhaust gas temperature (EGT), brake specific fuel consumption (BSFC),
brake thermal efficiency (BTHE) and emissions like Hydro carbons (HC), Carbon monoxide (CO),
Carbon dioxide (CO2), Oxygen (O2), Nitrogen oxides (NOX), Smoke. In order to find out the opti-
mal response the set of experiments were conducted using the design of experiments suggested by
Taguchi for reducing time and cost. Then Grey Relational analysis was applied to the experimental
data to find out the optimal combination of the load and fuel by converting the multi response
problem into the single response problem with the help of Grey Relational Grade. Signal to noise
ratio is calculated for the Grey Relational Grade (GRG) and optimal combination is found. The
results after Grey Relational Analysis (GRA) were validated with the Response surface methodol-
ogy (RSM) in which a desirability approach was used to find the optimal combination. It is found
that the experimental results almost coincided with validation results. The optimal combination was
found to be 20 kg of load and MME+ 3% Methanol as the fuel.
 2016 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Now a days usage of biodiesel in diesel engine has increased
rapidly. In this study we are validating to what extent the
usage of biodiesel is useful in running the diesel engine. But
running engine with different fuels with different targets isdifficult and a lot of experimentation is needed. To reduce that
effort we have used Taguchi design for design of a set of exper-
iments, but Taguchi evaluation on multi response is not more
effective when we are calculating responses with different
objectives. So, this study used grey relational analysis for
optimization and found the optimal combination of the load
and fuel. However we cannot conclude the results obtained
as suitable and there should be some validation done on the
results. Hence for validation purposes we used the Response
Surface Methodology.iodiesel,
2 K. Prasada Rao, B.V. Appa RaoGhaly et al. [1] reported that the research on the production
of biodiesel has increased significantly in recent years because
of the need for an alternative fuel which is endowed with
biodegradability, low toxicity and renewability. Theansuwan
et al. [2] concluded that the biodiesel produced by transesteri-
fication showed similar properties to the standard diesel. Agar-
wal et al. [3] investigated that the process of transesterification
is found to be an effective method of reducing viscosity of veg-
etable oil. Prasada Rao et al. [4] in their study used modest
amounts of methanol as an additive to Mahua methyl ester
and used in an IDI engine. Methanol has a higher latent heat,
lower viscosity and easy blending characteristics compared
with biodiesel, which shows its advantage in combustion.
The methanol presence slows down the combustion, similar
to the EGR effect, and thereby reduces some of the pollutants.
The performance and emissions have been evaluated to find a
suitable methanol percentage that gives maximum benefits. It
was observed that there is a maximum relief of exhaust temper-
ature, which indicates that the ensuing combustion is a low
temperature combustion in which methanol burned in the later
stages because of the lower value of cetane number. The IDI
engine indicates lower emissions in the exhaust. Additive mix-
ing further reduced the HC and CO emissions to a large extent.
NOx emission was also reduced at higher loads, especially with
the additive. CO2 emission increased because of combustion
improvement. Thermal efficiency and specific fuel consump-
tion improved with biodiesel.
Sahin et al. [5] examine experimentally the effects of gaso-
line fumigation (GF) on the performance and exhaust emis-
sions of a turbocharged indirect injection diesel engine. The
results showed that effective power was generally reduced
and effective efficiency increased. Brake Specific Fuel Con-
sumption (BSFC) was reduced and its decrement ratios are
roughly at the levels of 5%. GF becomes economic for this
engine and an average 5% reduction in fuel cost was attained.
NOx concentration decreased approximately at the levels of 5–
10%. Smoke index was reduced for up to 8–12% GF and after
this it started to increase. Its maximum reduction ratio was 20–
8% GF at 2500 rpm. Singh et al. [6] said that transesterifica-
tion is a process of converting vegetable oil into biodiesel fuel.
This process supplies a fuel that can be operated in unmodified
diesel engines. Numerous vegetable oil esters have been tried as
alternative to diesel fuel. A lot of researchers have reported
that with the use of vegetable oil ester as a fuel in diesel engi-
nes, a diminution in harmful exhaust emissions as well as
equivalent engine performance with diesel fuel were achieved.
Several studies have found that biodiesel seems to emit lower
pollutants than standard diesel fuel. Decreasing of carbon
dioxide (CO2) using biodiesel contributes to reduce greenhouse
effect. In other sense, diminishing of carbon monoxide (CO),
hydrocarbons (HC), and nitrogen oxides (NOx). Goutam
Pohit and Misra [7] in their study optimized the engine
responses comprising eight different parameters when three
input parameters were varied simultaneously. Since the inves-
tigation clearly indicated possibility of a large number of test
combinations, design of experiment was carried out using the
Taguchi method to limit the number of experiments by the for-
mation of orthogonal array. Complexity of the optimization
problem was evident from the fact that the responses were
not unidirectional. Subsequently, multi response problem
was converted into a single one with the application of weight-
ing factors of grey relational analysis and optimum solutionPlease cite this article in press as: K. Prasada Rao, B.V. Appa Rao, Parametric optim
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tal study was validated with the result obtained through actual
experimentation, and found the most suitable blend for diesel
engine without significantly affecting the engine performance
and emissions characteristics, corresponding compression ratio
and engine load being 17% and 80% respectively. Sivaramakr-
ishnan et al. [8] based on the results of their study said that the
design of experiments was highly helpful to design the experi-
ment and the statistical analysis helped to identify the signifi-
cant parameters which are the most influencing on the
performance emission characteristics. This experimental design
considerably reduced the time required by minimizing the
number of experiments to be performed and provided statisti-
cally proven models for all response. It is clear from this
research that CO and HC emissions have been reduced when
biodiesel is fuelled instead of diesel and also better BTHE with
lesser BSFC with lower CO, HC and NOx values. Desirability
approach of the RSM was found to be the simplest and effi-
cient optimization technique. A high desirability was obtained
at the optimum engine parameters of CR, fuel blend, and
power, where the values of the BTHE, BSFC, CO, HC, and
NOx were found to be 3.65%, 0.2718 kg/kW h, 0.109%, 158
and 938 ppm, respectively. Karnwal et al. [9] based on the
results of their study concluded that the BSFC, BTE and
EGT of diesel engine, are a function of biodiesel blend, com-
pression ratio, injection pressure and injection timing. Results
of the study have also revealed that almost same optimum
combination of engine parameters for different engine loading
conditions gives optimum multiple-performance. It emphasizes
that Taguchi method coupled with grey relational analysis can
be used effectively for investigation of multiple performance
characteristics of diesel engine. It has given optimum engine
performance which is defined by maximum thermal efficiency,
minimum brake specific energy consumption, least exhaust gas
temperature and lowest emissions. Hussain et al. [10] said that
the Grey relational analysis based on an orthogonal array of
the Taguchi method was a way of optimizing the process
parameters in engine process. The optimum operating condi-
tion was obtained producing maximum performance of the
engine. Sivaramakrishnan et al. [11] in their study used Tagu-
chi’s approach analysis for optimizing the performance of Kar-
anja biodiesel on diesel engine. The various input parameters
have been optimized using SNR. Based on this study, it can
be concluded that BTHE, BSFC and Emissions of diesel
engine depend upon biodiesel blend, compression ratio, nozzle
pressure and injection timing. The results of this study revealed
that almost identical combinations of engine parameters give
optimum multiple performances for engine. It was found that
a diesel engine fuelled with biodiesel has a better performance
than fuelled with diesel. Wu et al. [12] concluded that the opti-
mal operating factors of high BTHE and for low BSFC, NOX,
and smoke have been obtained for a diesel engine with diesel/
biodiesel blend using H2 and cooled EGR at the inlet port with
Taguchi method. The combustion performance and emissions
have also been compared between the optimized engine and
baseline diesel engine. The Taguchi method was a good
method to find out the optimum combinations. The predic-
tions using Taguchi’s parameter design technique are in ade-
quate agreement with the confirmation results, with a
confidence interval of 95%, and this technique saves 67% of
the time taken to perform the experiment in this research. This
combination improves combustion performance. At variousization for performance and emissions of an IDI engine with Mahua biodiesel,
Parametric optimization for performance and emissions of an IDI engine 3loads, BTHE, cylinder pressure, heat release rate, and ignition
delay are higher at the optimized engine than at the baseline
diesel engine. In addition, the best combination reduces the
BSFC. The optimized engine can also inhibit both NOX and
smoke emissions. At a load of 60%, the reduction rate is
74.1% for NOX and 29.6% for smoke. Prasada Rao et al.
[13] said that similar to grey based Taguchi technique method
has been found efficient for solving multi-attribute decision -
making problem, i.e., for multi objective product as well as
process optimization, for continuous quality improvement. It
can be recommended that the Taguchi method is good in the
case of process (chemical and pharmaceutical) industries when
there are hundreds of response variables. As obtained by the
ANOVA for overall grey relational grade, the load is a more
significant factor. Therefore, optimal setting is supposed to
be affected due to the change in the level of load. The optimum
levels and optimum values for load, time for 10 cc fuel con-
sumption, type of fuel, and valve opening position were found
out by Taguchi Comparison of predicted FCH, BP, BSFC,
BTHE, CO, CO2, HC, and O2 with experimental results in
all tested cases indicated that error is less than 107 for
ANNmodel. The average error percentage for all the predicted
values in the ANN model is 1.897%. Hirkude and Padalkar
[14] in their study used biodiesel from waste fried oil blended
with mineral diesel to investigate effects of significant operat-
ing parameters like CR, IT and IP on performance and emis-
sion of compression ignition engine. They have drawn some
conclusions like RSM based design of experiments was used
to design and carry out statistical analysis to determine param-
eters which have the most significant influence on the perfor-
mance and smoke emission characteristics. Desirability
approach of the RSM was used to find out optimum parame-
ters for optimization of performance and smoke emission char-
acteristics. By properly controlling CR, IP and IT,
performance can be improved and smoke emissions can be
controlled using a blend of alternate fuel like biodiesel from
waste fried oil. Win et al. [15] optimized parameters like load,
speed and static injection timing of a diesel fuelled CI engine to
reduce noise, fuel consumption and exhaust emissions using
RSM. Lee et al. [16] used RSM to optimize a high speed DI
diesel engine equipped with a common rail injection system
neglecting the interactive effects of the parameters. Satake
et al. [17] performed optimization of the fuel injection control
of diesel engines using RSM. The aim of the present study is to
optimize the performance parameters using Taguchi and Grey
Relational analysis and validation is done using Response sur-
face methodology (RSM).
2. Methodology
Taguchi’s Analysis: Taguchi’s philosophy, developed by Dr.
Genichi Taguchi, a Japanese quality management consultant,
is an efficient tool for the design of high quality (DOE) manu-
facturing systems. In a full factorial design, responses are mea-
sured at all combinations of the experimental factor levels. The
combinations of factor levels represent the conditions at which
responses will be measured. Each experimental condition is
called a ‘‘Run” and the response measurement an observation.
The entire set of runs is the ‘‘Design”.
To minimize time and cost, we can use designs that exclude
some of the factor level combinations. Factorial designs inPlease cite this article in press as: K. Prasada Rao, B.V. Appa Rao, Parametric optim
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fractional factorial designs. These are useful in factor screening
because they reduce the number of runs to a manageable size.
The minimum number of experiments are required is given
by the formula
N ¼ ½ðL 1Þ  P þ 1
where N=minimum number of experiments, L= number of
levels, P= number of factors.
In this present study the number of factors are 2 namely
load and fuel and the number of levels are 5 i.e., Diesel, Mahua
methyl ester (MME), MME+ 2% methanol, MME+ 3%
methanol, MME+ 4%methanol. Table 1 shows the levels
and factors.
So the minimum number of experiments to be performed is
9 so L9 orthogonal array is to be chosen. But, an orthogonal
array design with 2 factors is the basic level of design. So the
minimum number of experiments to be performed is the square
of the number of levels.
Hence the number of runs to be done is 52 = 25. So the L25
orthogonal array is chosen.
Grey Relational Analysis: Grey relational analysis is gener-
ally used only to evaluate a multi quality indicator. It converts
individual desirability values into an overall desirability
function. So it has been reported by previous researchers that
grey – Taguchi method can be replaced by Taguchi desirability
method. This approach converts a multiple – response-process
optimization problem into single response optimization situa-
tion, with the objective function as overall Grey Relational
Grade. The optimal parametric combination is then evaluated
by maximizing the overall grey relational grade.
The experimental values for two input factors load, fuel and
nine response parameters like exhaust gas temperature, brake
specific fuel consumption, brake thermal efficiency and emis-
sions like HC, CO, CO2,O2,NOX, Smoke are collected from
the existing data.
As the desired objective is to maximize the brake thermal
efficiency and minimize remaining responses hence the experi-
mental data are optimized using higher the better criteria.
In grey relational analysis, the experimental data, which are
the measured features of quality characteristics of the product,
are first normalized ranging between zero and one.
For Higher the better, the normalized data can be expressed
as
XiðkÞ ¼ YiðkÞ min½YiðkÞ
max½YiðkÞ min½YiðkÞ
For lower the better, the normalized data can be expressed
as
XiðkÞ ¼ max½YiðkÞ YiðkÞ
max½YiðkÞ min½YiðkÞ
Here Xi (k) represents the value after the grey relational
generation, min Yi (k) is the smallest value of Yi (k) for kth
response, max Xi (k) is the largest value of Yi (k) for the kth
response.
Next, based on normalized experimental data, Grey Rela-
tional Coefficient is calculated to represent the correlation
between the desired and actual experimental data. An ideal
sequence is X0(k) (absolute value) for the responses the quality
loss for ith trail is estimated asX0(k)  Xi (k). It is denoted byD.ization for performance and emissions of an IDI engine with Mahua biodiesel,
Table 1 Setting levels for design parameters.
Factor Level 1 Level 2 Level 3 Level 4 Level 5
Load (kg) 0 10 20 30 35
Fuel Diesel MME MME+ 2%M MME+ 3%M MME+ 4%M
4 K. Prasada Rao, B.V. Appa RaoThe purpose of grey relational coefficients is to express the
relationship between ideal and normalized experimental
results. It is calculated by
eij ¼ Dminþ p  Dmax
Dijþ p  Dmax
eij is the grey relational coefficient and the Dij is the loss
estimate for ith experiment and jth response Dmax is the max-
imum of the loss estimate and Dmin is the minimum of the loss
estimate and p is the distinguishing factor which varies from
0 6 p 6 1 generally p is taken 0.5.
With respect to increase in blend of fuel, engine perfor-
mances exhibited demising nature while emission characteristics
showed increasing trend. Since reduction of engine emission
could be achieved by the analysis carried out in such a way that
the performance of the engine did not suffer even when diesel
was replaced by blend of methanol and Mahua Methyl Ester.
Accordingly, while converting multiple Grey Relation Grades,
the value of weighting factor in engine performance was taken
higher than that of emission characteristics. When appropriate,
weighting factors were used with the sequence values; the gen-
eral form of grey relational grades became
ci ¼
Xn
k¼1
eiðkÞbi
where bi is the weighing factor and
P
bi= 1.
Table 2 represents the corresponding weightage factors for
nine responses. These values are taken based on the suitability
for later validation at RSM. Now, overall grey relational grade
is determined by averaging the grey relational coefficient corre-
sponding to selected responses. There are three types of S/N
ratio normal the best, higher the better, lower the better by
taking the higher the better the signal to noise ratio.
S=N ratio ¼ 10log 1
t
Xt
i¼1
1
y2
 ! !
Here it is the number of measurements and y is the
measured characteristic value. These signals to noise ratio
calculations are done using the MINITAB.Table 2 Responses and their corre-
sponding weightage values.
Response Weightage
EGT 0.043
BSFC 0.13
BTHE 0.222
HC 0.043
CO 0.173
CO2 0.043
O2 0.13
NOX 0.043
Smoke 0.173
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The RSM employs a statistical procedure for modelling the
responses, which could be optimized using the desirability
analysis. The desirability analysis was also found to yield good
results in finding the optimal input conditions. Taguchi’s
orthogonal array was used for experimentation and methods
based on Taguchi techniques were observed to be effective as
well. Experimenters may wonder why they should choose
one design over another. Optimization of input factors (fuel
and load) with nine responses was more complex and RSM
was applied to sort out the model for optimal load and fuel.
So desirability analysis was used to identify the optimal
parameter combination using the steps described below.
Step 1: Develop a polynomial equation of second order for
SR (quadratic model) to link the inputs to the responses.
Step 2: Generate the analysis of variance (ANOVA) table
for SR values to supplement RSM.
Step 3: Generate the response plots for different combina-
tion of the input parameters.
Step 4: Determine the optimal level from desirability
analysis.
In RSM the factors are classified into numerical factor and
categorical factor where the load is numerical factor and the
fuel is categorical factor. The software used to perform RSM
is DESIGN EXPERT.
3. Experimental setup
Experiments were performed to evaluate the performance of a
single cylinder four-stroke Indirect Diesel Injection (IDI)
engine. The major specifications of the engine are given in
Table 3 the details of the engine specifications are described
in Fig. 1. It illustrates the engine test apparatus and sensor
locations. All experiments reported in the present work were
performed at the maximum load conditions.
The engine used in this experiment is Bajaj RE diesel
engine connected to the eddy current dynamometer. The
whole setup is connected to computer which is connected to
the sensors of the engine. Engine displacement is 447.03 cc
which develops a maximum net power of 5.04 kW at 3200
r.p.m. compression ratio of the engine is 24:1. Experiments
were conducted with Diesel, neat MME and MME with
methanol additive blends of 2%, 3%, 4%. During the test
performance, exhaust emissions and smoke density parame-
ters were measured using the instruments Exhaust Gas Ana-
lyzer (DELTA 1600- L, Make: M/S MRU GmbH
GERMANY) and Smoke Density Tester (Diesel Tune 114).
Cylinder combustion pressures for each level of the crank
angle were measured by an engine data logger designed by
Apex innovations, Pune, India. The software employed is
C7112, which captures the combustion pressure data, con-
verts it into graphic form, collects crank angle history from
the encoder and synthesizes it with the real time pressureization for performance and emissions of an IDI engine with Mahua biodiesel,
Table 3 The major specifications of the engine.
Engine manufacturer Bajaj RE diesel engine
Engine type 4S, Forced air and Oil Cooled
No. Cylinders One
Bore 86.00 mm
Stroke 77.00 mm
Engine displacement 447.3 cc
Compression ratio 24 ± 1:1
Maximum net power 5.04 kw @ 3000 rpm
Maximum net torque 18.7 N m @ 2200 rpm
Idling rpm 1250 ± 150 rpm
Injection timings 8.5–9.5 BTDC
Injector Pintle
Injector pressure 142–148 kg/cm2
Fuel High speed diesel
Starting Electric start
Parametric optimization for performance and emissions of an IDI engine 5data. Fuel consumption is measured on a volumetric basis to
calculate BSFC, the fuel–air ratio and thermal efficiency.
Exhaust gas temperatures were also recorded for all loads.
A Delta 1600-L exhaust gas analyser (German Make) is uti-
lized to measure CO2, CO, HC, NOx in exhaust gases at all
loads, and graphs are drawn to analyse the emissions.Figure 1 Block diagram f
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after obtaining the mass of fuel consumed for various fuels
and loads. the emissions are calculated using the five gas anal-
yser from which five emissions namely hydro carbons (HC),
carbon monoxide (CO), carbon dioxide (CO2), oxygen (O2),
nitrogen oxides (NOX) are obtained for calculation of the
smoke.
The experimental data for this setup are obtained from
existing data in which the input factors are load and fuel with
nine response parameters Brake Specific Fuel Consumption,
Brake Thermal Efficiency, Exhaust Gas Temperature, Hydro-
carbons, Carbon Monoxide, Carbon Dioxide, Oxygen, Nitro-
gen Oxides, Smoke. In which only the brake thermal efficiency
is desired to be maximum and remaining all are desired to be
less.
4. Results and discussions
The different combinations are made for the two input vari-
ables and the nine output performances are made and orthog-
onal array is formed. Then the different tabulations are done
based on the normalized values and grey relational coefficient
is made. Then using weightage factors the Grey relational
grade has been made. Then signal to noise ratio is calculatedor experimental setup.
ization for performance and emissions of an IDI engine with Mahua biodiesel,
Table 4 Calculated grey relational coefficient and overall grey relational grade.
E.no E.G.T B.S.F.C B.THE HC CO CO2 O2 NOX Smoke GRG
1 0.90625 0.33333 0.33333 0.45454 0.95061 0.55555 0.92712 0.55555 0.45501
2 0.89922 0.33333 0.83333 0.55555 0.97468 0.5 0.95815 0.44444 0.46961
3 0.95867 0.33333 0.55555 1 1 0.71428 0.82671 0.55555 0.57962
4 0.91338 0.33333 1 1 0.86516 0.71428 0.67952 1 0.66155
5 1 0.33333 0.83333 0.71428 0.95061 1 1 0.48780 0.57467
6 0.76315 0.25546 0.33476 0.38461 0.45454 0.71962 0.45454 0.56823 0.51282 0.43870
7 0.72955 0.07700 0.59650 0.83333 0.45454 0.77777 0.41666 0.64145 0.44444 0.48035
8 0.80555 0 0.58671 0.625 1 0.73333 0.71428 0.48619 0.48780 0.59445
9 0.77333 0.12643 0.61346 0.625 1 0.73333 0.625 0.51693 0.86956 0.67120
10 0.79452 0.00520 0.59216 1 1 0.70642 0.83333 0.64145 0.40816 0.61920
11 0.58585 0.92767 0.33536 0.41666 0.45454 0.53103 0.45454 0.40105 0.46511 0.49642
12 0.59793 0.73048 0.82970 0.71428 0.38461 0.53103 0.38461 0.48008 0.48780 0.57999
13 0.61375 0.76951 0.87110 0.5 0.71428 0.53846 0.625 0.43453 0.46511 0.66843
14 0.58883 0.74609 0.85936 0.5 0.71428 0.55395 0.55555 0.43126 0.68965 0.69205
15 0.58585 0.70759 0.83871 0.71428 0.71428 0.52380 0.83333 0.50109 0.36363 0.67297
16 0.42028 1 0.33545 0.41666 0.38461 0.39086 0.41666 0.34749 0.40816 0.46352
17 0.43939 0.89229 0.96639 0.83333 0.38461 0.40740 0.35714 0.41410 0.51282 0.62227
18 0.43609 0.89073 0.98588 0.55555 0.55555 0.41176 0.625 0.39011 0.48780 0.67353
19 0.42647 0.89490 1 0.5 0.55555 0.39896 0.5 0.41113 0.58823 0.67588
20 0.43609 0.86368 0.94888 0.71428 0.55555 0.39487 0.71428 0.48619 0.34482 0.65890
21 0.33333 0.95889 0.33540 0.41666 0.38461 0.34841 0.41666 0.33333 0.33333 0.43905
22 0.33720 0.82310 0.90107 0.83333 0.33333 0.33333 0.33333 0.39688 0.37037 0.55384
23 0.35045 0.78095 0.87998 0.71428 0.55555 0.34222 0.625 0.37726 0.40816 0.62157
24 0.34730 0.65608 0.79983 0.625 0.45454 0.34841 0.45454 0.38358 0.48780 0.55825
25 0.34017 0.62278 0.78653 0.71428 0.55555 0.33333 0.71428 0.46450 0.36363 0.58710
Table 5 Response for signal to noise ratio.
Level Load Fuel
1 5.308 6.781
2 5.134 5.381
3 4.19 4.063
4 4.2525 3.743
5 5.22 4.133
Delta 1.118 3.038
Rank 2 1
Figure 2 Main effect plots for S/N ratio.
6 K. Prasada Rao, B.V. Appa Raofor the overall grey relational grade and the level wise signal
noise ratio is obtained and this is done using the MINITAB
Package. Table 5 represents the response for signal to noise
ratio for load and the fuel and Table 4 represents the Calcu-
lated Grey Relational Coefficient and overall Grey Relational
Grade.
The main effects for S/N ratios is plotted and presented in
Fig. 2. The optimum load level is 3 and the corresponding
value is 20 kg and the optimum fuel level is 4 and the corre-
sponding fuel is Mahua Methyl Ester + 3% Methanol which
is represented in Table 6.
The predicted results almost coincided with the experimen-
tal results with a standard errors of 2.15, 2.16  103, 0.25,
0.24, 8.93  104, 0.047, 7.58  104, 1.89, 0.94 for EGT,
BSFC, BTHE, HC, CO, CO2, O2, NOX, Smoke respectively.
From Table 5 it is clear that the delta for fuel is greater and
hence has more influence on responses than the load. It can be
said that by varying the fuel the responses can be varied easily
than by varying the load. The level wise signal to noise ratio
also shows that responses are optimum at level 3 with anPlease cite this article in press as: K. Prasada Rao, B.V. Appa Rao, Parametric optim
Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.10.003S/N ratio of 4.19 for load and level 4 with an S/N ratio of
3.743 for fuel.
4.1. Conformation results
Optimization of input factors (fuel and load) with nine
responses was more complex and RSM was applied to sort
out the model for optimal load and fuel. So desirability anal-
ysis was used to identify the optimal parameter combinations.ization for performance and emissions of an IDI engine with Mahua biodiesel,
Table 6 Optimized results using GRG.
S. No Factors Optimum Level Optimum Value
1 Load 3 20 kg
2 Type of fuel 4 MME+ 3%methanol
Parametric optimization for performance and emissions of an IDI engine 7The Analysis of Variance (ANOVA) was done on the experi-
mental results and various models were developed in the design
expert and the predicted values were obtained with the
formulae
The predicted formulae for nine responses
1. FOR CALCULATION OF EGT
a. Diesel EGT = 109.845 + 0.211288 * A + 0.163935 *
A^2
b. MME EGT= 114.163 + 0.190262 * A + 0.163935 *
A^2
c. MME+ 2%M EGT= 104.004 + 0.0105131 * A +
0.163935 * A^2
d. MME+ 3%M EGT= 111.175  0.0390993 * A +
0.163935 * A^2
e. MME+ 4%M EGT= 102.807 + 0.240746 * A +
0.163935 * A^2
2. FOR CALCULATION OF BSFC
a. Diesel BSFC = 0.68058 + 0.0288155 * A +
0.000529369 * A^2
b. MME BSFC= 0.726116 + 0.0294749 * A +
0.000529369 * A^2
c. MME+ 2%M BSFC= 0.730743 + 0.0296078 * A +
0.000529369 * A^2
d. MME+ 3%M BSFC= 0.699917 + 0.0282833 * A +
0.000529369 * A^2
e. MME+ 4%M BSFC= 0.723828 + 0.0288831 * A +
0.000529369 * A^2
3. For calculation of Brake thermal efficiency
a. Diesel Bthe = 0.323648 + 2.13603 * A 0.0400253 *
A^2
b. MME Bthe = 0.208183 + 2.15898 * A 0.0400253 *
A^2
c. MME+ 2%M Bthe = 0.347834 + 2.16244 * A
0.0400253 * A^2
d. MME+ 3%M Bthe = 0.963066 + 2.12847 * A
0.0400253 * A^2
e. MME+ 4%M Bthe = 0.658958 + 2.11839 * A
0.0400253 * A^2
4. For calculation of HC emissions
a. Diesel HC = 8.73351 + 0.0189927 * A
0.00277414 * A^2
b. MME HC= 0.842033 + 0.0965121 * A
0.00277414 * A^2
c. MME+ 2%M HC= 3.8149 + 0.0771323 * A
0.00277414 * A^2
d. MME+ 3%M HC= 1.07071 + 0.202714 * A
0.00277414 * A^2
e. MME+ 4%M HC= 0.148234 + 0.143799 * A
0.00277414 * A^2Please cite this article in press as: K. Prasada Rao, B.V. Appa Rao, Parametric optim
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a. Diesel CO = 0.0392893–0.0001360 * A +
1.39356e005 * A^2
b. MME CO= 0.0345994 + 0.000222 * A +
1.39356e005 * A^2
c. MME+ 2%M CO= 0.00936687 + 0.000206 * A +
1.39356e005 * A^2
d. MME+ 3%M CO= 0.00758392 + 0.000365 * A +
1.39356e005 * A^2
e. MME+ 4%M CO= 0.0154521–1.973e005 * A +
1.39356e005 * A^2
6. For calculation of CO2
a. Diesel CO2 = 2.67924 + 0.0866845
* A +
0.00335695 * A^2
b. MME CO2 = 2.42847 + 0.0932736
* A
+ 0.00335695 * A^2
c. MME+ 2%M CO2 = 2.51762 + 0.0855217
* A
+ 0.00335695 * A^2
d. MME+ 3%M CO2 = 2.81529 + 0.0752891
* A
+ 0.00335695 * A^2
e. MME+ 4%M CO2 = 2.67343 + 0.0911031
* A
+ 0.00335695 * A^2
7. For calculation of O2
a. Diesel O2 = 20.9938 + 0.000988216
* A
5.1491e006 * A^2
b. MME O2 = 21.0021 + 0.00148434
* A
5.1491e006 * A^2
c. MME+ 2%M O2 = 20.9692 + 0.0005231
* A
5.1491e006 * A^2
d. MME+ 3%M O2 = 20.9682 + 0.00125953
* A
5.1491e006 * A^2
e. MME+ 4%M O2 = 20.9499 + 0.00076341
* A
5.1491e006 * A^2
8. For calculation of NOX
a. Diesel NOX = 92.8362 + 9.95172
* A 0.100345 *
A^2
b. MME NOX = 83.4292 + 8.46103
* A 0.100345 *
A^2
c. MME+ 2%M NOX = 119.894 + 7.90754
* A
0.100345 * A^2
d. MME+ 3%M NOX = 136.282 + 7.01297
* A
0.100345 * A^2
e. MME+ 4%M NOX = 90.0998 + 7.11141
* A
0.100345 * A^2
9. For calculation of Smoke
a. Diesel Smoke = 43.5527 + 0.347453 * A
+ 0.00681547 * A^2
b. MME Smoke = 53.0837  0.216113 * A
+ 0.00681547 * A^2
c. MME+ 2%M Smoke = 47.3356  0.00758564 * A
+ 0.00681547 * A^2
d. MME+ 3%M Smoke = 28.5914 + 0.317996 * A
+ 0.00681547 * A^2
e. MME+ 4%M Smoke = 53.9519 + 0.204042 * A
+ 0.00681547 * A^2ization for performance and emissions of an IDI engine with Mahua biodiesel,
Figure 3 3D graphs for load and fuel effects on (a) EGT (b) BSFC (c) BTHE (d) HC (e) CO (f) CO2 (g) O2 (h) NOx (i) Smoke.
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Figure 4 Screen shots of the Design Expert window showing the ramp graphs for all responses and their optimal values.
Table 7 Optimized results using RSM.
S. No Factor Optimum value
1 Load 18.0605 kg
2 Type of fuel MME+ 3%Methanol
Parametric optimization for performance and emissions of an IDI engine 9Now from RSM the 3D graphs are plotted for each
response parameter, where the interaction effects of the fuel
and load can be seen. These graphs give the prediction of the
response variable with the change of the input factors. Nine
responses are plotted with fuel and load on X-axis and
response on Y-axis.
The following are the 3D graphs for each performance
factor.
Fig. 3 describes the variations of response with varying the
load and fuel where we can identify the lower values and
higher values of the responses. It is observed from
Fig 3b, and c that the performance responses like BSFC, Brake
thermal efficiency are better at higher loads and trend increases
when the blending is done. Similarly from Fig. 3e the emissions
like CO decreased while blending which also increased CO2
emissions showing the complete combustion of the fuel which
can be seen in the Fig. 3f. As the fuel is vegetative the NOx con-
tent is more when compared to diesel fuel which is very clear
from the Fig. 3h. From Fig. 3i it can also be concluded that
the smoke content is also less when the blending is done.
After analysing all the responses with suitable polynomial
model the optimization is done by giving the same weightages
which are taken in grey relational analysis and the response
goals are fixed like (the goal of EGT is to minimize and BTHEPlease cite this article in press as: K. Prasada Rao, B.V. Appa Rao, Parametric optim
Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.10.003is to maximize and all the emissions to minimize) then the
ramp graphs are obtained.
From the ramp graphs (Fig. 4) it is clear that the load
18.060 kg and the fuel MME+ 3%M give the optimal solu-
tion for all the responses.
Table 6 gives the optimum values for the performance and
emissions and Table 7 shows the response values at the opti-
mum levels of fuel and load. It can be noted that there is an
error of 0.097 for experimental result of load when compared
to validation result. Similarly a deviations of 14.1 C, 0.012,
0.59%, 1.2 ppm, 0.002%, 0.23 ppm, 0.01%, 7 ppm, 1.45
HSU for EGT, BSFC, BTHE, HC, CO, CO2, CO2, O2,
NOX, Smoke respectively.
The Fig. 5 exported interactive graph shows the trend of
five different fuels with five different colors which are described
in the left side of the graph. It can be seen that the fuelization for performance and emissions of an IDI engine with Mahua biodiesel,
Figure 5 Interactive graph of Load vs different Fuels.
10 K. Prasada Rao, B.V. Appa RaoMME+ 3%Methanol is above all the remaining fuel indicat-
ing the usage of this fuel than other fuels is better at any load.
And also the MME+ 3% Methanol has the highest point
where the load is 18.060 kg which is the optimal solution for
all responses.
5. Conclusions
Based on the results of this study, the following conclusions
were drawn in terms of fuel properties and exhaust emission
characteristics. In this study, an attempt was made to opti-
mize the nine responses parameters when two input parame-
ters were varied simultaneously. Since the investigation
clearly indicated possibility of a large number of test combi-
nations, design of experiment was carried out using Taguchi
method to limit the number of experiments by the formation
of orthogonal array, yet without sacrificing significant infor-
mation. Complexity of the optimization problem was evident
from the fact that the responses were not unidirectional. Sub-
sequently, multi response problem was converted into a single
one with the application of weighting factors of grey rela-
tional analysis and optimum solution was obtained from
the test data.
1. Mahua Methyl Ester can be regarded as an alternative to
diesel fuel.
2. The design of experiments was highly helpful to design the
experiment and the statistical analysis helped to identify the
significant parameters which are most influencing on the
performance emission characteristics.
3. It is clear from this research that CO and HC emissions
have been reduced when Mahua Methyl Ester is fuelled
instead of diesel.Please cite this article in press as: K. Prasada Rao, B.V. Appa Rao, Parametric optim
Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.10.0034. Blending the Mahua Methyl Ester with Methanol helped to
decrease the CO and HC emissions. As the methanol
increased the oxygen content and reduced the viscosity.
5. Grey Relational Analysis and Desirability approach of the
RSM was found to be the simplest and efficient optimiza-
tion technique.
6. A high desirability was obtained at the optimum engine
parameters of fuel blend Mahua Methyl Ester + 3%
Methanol, and 20 kg load, where the values of the EGT,
BSFC, BTHE, HC, CO, CO2, O2, NOX, and Smoke were
found to be 163.9 C, 0.36177, 26.34%, 3.8 ppm, 0.018%,
5.27%, 20.98%, 230 ppm, 36.55 HSU respectively.
7. The experimental results almost coincided with the valida-
tion results with very small deviations.
8. It can be noted that there is an error of 0.097 for experimen-
tal result of load when compared to validation result.
9. Similarly the responses have deviations of 14.1 oC, 0.012,
0.59%, 1.2 ppm, 0.002%, 0.23 ppm, 0.01%, 7 ppm, 1.45
HSU, EGT, BSFC, BTHE, HC, CO, CO2, CO2, O2,
NOX, and Smoke respectively.
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